ABSTRACT: Protein aging may manifest as a mechanical disease that compromises tissue elasticity. As proved recently, while proteins respond to changes in force with an instantaneous elastic recoil followed by a folding contraction, aged proteins break bad, becoming unstructured polymers. Here, we explain this phenomenon in the context of a free energy model, predicting the changes in the folding landscape of proteins upon oxidative aging. Our findings validate that protein folding under force is constituted by two separable components, polymer properties and hydrophobic collapse, and demonstrate that the latter becomes irreversibly blocked by oxidative damage. We run Brownian dynamics simulations on the landscape of protein L octamer, reproducing all experimental observables, for a naive and damaged polyprotein. This work provides a unique tool to understand the evolving free energy landscape of elastic proteins upon physiological changes, opening new perspectives to predict age-related diseases in tissues.
T he discovery that massively large tandem modular proteins play a crucial role in cellular functioning has shifted our view on the molecular origins and regulation of protein mechanics. 1−6 For instance, the unfolding/refolding of the numerous domains of the giant protein titin contributes to the elasticity of the muscle, and assists muscle contraction. 5 Similarly, the extracellular proteins involved in the adhesion of bacteria to their targets have a tandem configuration that allows them to withstand large mechanical drag forces from coughing or sneezing. 6 These complex systems have the ability to extend to different lengths once unfolded, or inversely contract to their native state when force is reduced. 7−10 The extensibility of elastic proteins is essential in biological processes such as tissue elasticity, cell−cell signaling, and bacteria adhesion among others. 2, 11 However, it has been recently demonstrated how age-related deterioration of elastic polyproteins eventually compromises their mechanical properties. 12 Under normal conditions, a naive (unmodified) unfolded polyprotein contracts in two stages when the force is reduced: an instantaneous elastic recoil determined by its polymer properties, followed by a slower folding contraction driven by the hydrophobic collapse to the native state. 13, 14 Protein side chains, which become exposed during mechanical unfolding, are then modified by naturally occurring reactive oxygen species resulting in a gradual loss of protein folding. Protein oxidative damage, which in vivo becomes apparent only after decades of exposure, can be greatly accelerated using ultrastable magnetic tweezers instrumentation to keep proteins mechanically unfolded for very long periods of time. Upon reducing the force, the protein can no longer contract through folding, and the damage is irreversible. Cryptic oxidation is what causes proteins to "break bad" or lose their capability to fold, and it is a hallmark of protein aging. 15−18 The consequent reduction of the mechanical integrity of elastic polyproteins is associated with the loss of tissue elasticity.
When dealing with molecular systems at these scales, the language of free energy landscapes is a common one, since it provides deep physical insight and allows for a predictive capability under different external conditions. 19−23 In particular, understanding the elastic properties of tandem modular proteins within this context supposes a highly nontrivial enterprise. 24 ,25 A rigorous description on that level should convolute the folding properties of the domains with the nonhookean response of the polypeptide chain to force. 26−28 Recently, we proposed a mesoscopic model for the free energy landscape of polyproteins under force, which integrates the hydrophobic collapse of the individual domains with the intrinsic polymer properties of the polypeptide chains. 29 However, the outcome of our model was never systematically contrasted with force spectroscopy experiments. Also, we never took advantage of its predictive capability to discuss how the elastic properties would be modified under different physiological conditions such as post-translational modifications or oxidative stress.
In this work, we aim to provide a full description on how the free energy landscape of a polyprotein evolves as it ages, until the hydrophobic collapse of individual domains is impeded. We characterize the elastic behavior of a naive (nonoxidized) protein L octamer. 30 Using magnetic tweezers force spectroscopy, we provide the kinetic, equilibrium, and polymer properties over the wide range of forces (4−100 pN), allowing for a full description of the response of the polyprotein upon force changes. 31 One of the keystones of our free energy landscape is how the folding of each domain and the elastic response of the polypeptide chain constitute two separable components, which are independently added to construct the free energy landscape of the polyprotein. This central hypothesis is corroborated when modeling the aging landscape. The components representing the hydrophobic collapse of each domain are removed, while the polymer behavior is kept unchanged. We use Brownian dynamics simulations on our model to reproduce accurate experimental benchmarks for a naive polyprotein, and compare them to those measured for a damaged polyprotein. Our work validates that the hydrophobic collapse is the driving component of folding contraction and, combined with the polymer response of the polypeptide, determines protein folding under force. Figure 1A shows magnetic tweezers (MT) traces demonstrating the refolding dynamics of an unfolded protein L octamer ( Figure S1A ) when the force is reduced between 10−6 pN. Quenching to forces lower than 10 pN results in the instantaneous collapse of the extended chain (elastic contraction), followed by a slower folding contraction due to the folding of individual domains. These two distinguishable features correspond to the two main components of protein folding under force: hydrophobic collapse and polymer elasticity. The latter can be simply described as the entropic collapse of the unfolded polypeptide chain; by contrast, the folding contraction has a much more complex nature and occurs just at low forces, when the domains collapse toward the native state. Within this range of forces (4−10 pN) each protein L domain has a nonzero probability to visit the folded and unfolded state. These folding transitions are highly sensitive to force, and provide enough information to measure the probability of folding and the distance at which the polypeptide equilibrates at each force.
The folding contraction can be compromised by the effects of reactive oxygen species which are generally present in physiological environments. Figure 1B shows a trace where the eight protein L domains are subjected to an unfolding force for long periods of time, throughout which the cryptic side chains that were buried in the native structure are exposed to reactive oxygen species. 12 The accumulation of oxidative modifications on these cryptic side chains can introduce unfavorable modifications that might eventually prevent the folding pathway, and thus lead to an overall reduction of the folding contraction (from F8 to F4, until folding is completely blocked in F0). Interestingly, such domain loss occurs in an all-or-none fashion and, unlike other oxidative modifications, 32 is irreversible.
A complete characterization of the free energy landscape of the protein L octamer under force requires a correct description of the set of three mechanoelastic properties: the elastic contraction, the unfolding kinetics, and the equilibrium dynamics. We parametrize our free energy model by contrasting it with magnetic tweezers force spectroscopy data over a large force regime (4−100 pN). For the first time we validate our proposed model with experimental data, and furthermore provide an explanation of the effects of oxidative aging into the free energy landscape of polyproteins under force.
We use a freely jointed chain (FJC) model to describe the elastic properties of the polypeptide chain, and a Morse potential with a Gaussian entropic barrier to model the hydrophobic collapse or folding transition. 29, 33 One of the main advantages of the model is that it can be parametrized by accounting independently for each of the three mentioned mechanoelastic properties, which are characterized by the mechanical observables from force spectroscopy experiments. First, the elastic response of the protein during unfolding/ refolding is determined by the step-size length Δx NU , following common polymer models such as the FJC. 5, 27 The equilibrium properties of the elastic polyprotein are associated with the Morse potential. Therefore, the folding probability can be used to determine the depth of the Morse well U M0 (see Supporting Information (SI)). Finally, the kinetic behavior of the polyprotein, in particular the unfolding kinetics, is dominated by the combination of the Morse potential and the Gaussian entropic barrier. However, once the depth U M0 is defined, the unfolding kinetics are independently determined by the parameters of the entropic barrier, the height U G0 , the width σ, and the distance to the transition state x ‡ (Figure 2 ). All these three parameters can be tuned by measuring the unfolding rates of the polyprotein.
The average size of the unfolding/refolding steps as a function of the pulling force is described with a FJC model with contour length increment of ΔL c = 16.3 nm and Kuhn length l k = 1.1 nm ( Figure 3A ; solid line). From the equilibrium trajectories at constant force we measured the probability of folding, the time-averaged number of domains (red squares), and the most likely folding state (blue circles). This quantity can be readily accessed from our model by tracking the position of the global minimum in the free energy profile (red line Figure 2 and S1B) as a function of the force, and normalized by the total number of domains (black line Figure 3B , see SI). The theoretical force-dependent global minimum, obtained for U M0 = 1.8 kT, shows excellent agreement with the experimental data. Remarkably, the folding probability spans from 1 to 0 in a narrow force regime (4−10 pN), 5 a consequence of the nonlinearity of the polymer elasticity. Unfolding kinetics can be sufficiently described with first-order kinetics, since the transition state barrier is very short (only a few angstroms) for most proteins due to cooperativity effects. We calculate the unfolding rates by averaging measured traces for each force and fitting a single exponential. 34 Figure 3C shows a compilation of the unfolding rates measured with both magnetic tweezers (MT; red symbols) and atomic force microscopy (AFM; blue Figure 2 . Scheme of the elements composing the free energy model of a protein of one domain under force. The native state is described by a Morse well of U M0 depth and a Gaussian barrier of U G0 height, both separated by a distance x ‡ (inset). The unfolding state is defined by the FJC model U FJC − Fx, and shows how the distance between minima Δx NU increases with force. The red curve tracks the global minimum of the profile as a function of force. At a pulling force of F1 the unfolded state is at a higher energy than the folded state, thus becoming the most favored state. At a higher pulling force F2, the global minimum is shifted to coincide with the unfolded state. Figure 1A . The free-energy model with a Morse potential of U M0 = 1.8 kT provides the force dependency of the global minimum (most likely state) that fits the experimental data (solid black line). (C) Unfolding rates versus force from unfolding traces at a pulling force (13−120 pN) using AFM (blue symbols), and MT (red symbols). Brownian dynamics (BD) simulations of unfolding traces were run on our freeenergy model (green curve) with U G0 = 12 kT, σ = 0.025 nm, and x ‡ = 0.44 nm. Error bars represent standard errors of the mean.
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Letter symbols) techniques over a broad range of forces. We use Brownian dynamics simulations on our free energy model to generate unfolding trajectories ( Figure S2 ). Matching the experimental and simulated unfolding rates, we determine the parameters of the entropic barrier that needs to be surmounted for the protein to unfold (responsible for the kinetic behavior of the system) as U G0 = 12 kT, σ = 0.025 nm, and x ‡ = 0.44 nm. Simulations on the free energy model reproduce the whole range of data, with diffusion constant of D = 1500 nm 2 /s ( Figure 3C, green symbols) . This is in agreement with previously reported values for AFM measurements in polyproteins 35 (see SI). Although this value might be different depending on the experimental probe, it will only alter the kinetics, and thus U G0 .
Our theoretical approach describes the total recoil under force as a combination of the hydrophobic collapse (U M + U G ) and the elastic behavior (U FJC −F·x). Hence, owing to the ability of our model to capture the two distinguishable events observed experimentally, elastic recoil and folding contraction, Figure 4A reproduces the experimental results using Brownian dynamics on a free energy model that changes as domains oxidize (age). During domain-loss, neither the total extension of the unfolded protein (E) nor the polymer collapse due to elastic recoil during refolding (C) are affected by oxidation. However, the reduction of the folding contraction can be explained in our model by eliminating, domain-by-domain, the components that drive protein folding (U M0 = 0 and U G0 = 0), and having the FJC energy, U FJC −F·x, as the sole term of the free energy profile of a domain. Figure 4B shows the free energy profile at 4 pN for 8 (red), 4 (green) and 0 (black) domains left. The loss of four domains, in the second pulse (green), leads to a shift of the global minimum to a higher length, which is represented experimentally and in the simulation by the loss in contraction between F8 and F4. Finally, the oxidation of all domains (black) is described by the FJC energy with a contour length of the whole polypeptide (8·ΔL c , where 8 is the total number of domains). Folding becomes fully inaccessible, and the global minimum is shifted to the fully unfolded state. Interestingly, our model shows that under a pulling force, the Morse potential can shift the equilibrium distance established by the FJC model (as in F0) to a lower length (F4 and F8) , increasing the probability of folding over unfolding.
In this work, we have provided a full description of the free energy landscape of a tandem modular protein under force and, based on the foundations of the model, have predicted how this landscape evolves due to oxidative aging. From a more global perspective, the observations described here provide significant evidence for an element often dismissed when discussing protein folding under force: the polymer properties of the polypeptide chain. As we have shown, the end-to-end distance of the unfolded protein scales with force following polymer A fully unfolded and extended polyprotein of eight tandem domains is quenched to a low force (4 pN), rapidly collapses by the elastic recoil (following broken line), and subsequently undergoes refolding of the eight domains (F8). When the protein is oxidized during unfolding (black curve), the subsequent quench of the force results in the elastic recoil of the polymer to the low force free energy landscape (gray curve), in which the folding contraction is no longer available (F0). models such as the FJC, which is inherently nonlinear, and acquires over half of its maximum extension below 10 pN, just in the range where proteins fold. 33 This fact is surprisingly dodged in most descriptions on protein folding/unfolding under force, starting with the fact that force is often modeled as an effective tilt in the landscape with a −F·x term. 36−39 Conventional theoretical frameworks, such as the Bell−Evans model, are often used as a standard tool to describe the folding and unfolding kinetics of proteins under force. 38, 40 This approach might work in practice for describing protein unfolding kinetics, since Δx ‡ is typically very short (∼ang-stroms). More recent extensions of the Bell−Evans model 39, 41, 42 account for a shift of the transition state barrier due to the nonlinearity of the potentials that explains the curvature often observed at higher forces ( Figure 3C ). However, these approaches fail to provide an accurate description of the folding kinetics, where the transition states scales with force nonlinearly.
The combined Morse well and Gaussian barrier in our model represent a significant energetic barrier that needs to be overcome in order to reach the folded state. When the force is reduced and the polypeptide contracts considerably (elastic recoil), the hydrophobic amino acids push the water away, allowing their reorganization into a more confined state of lower conformational entropy. During protein oxidative damage, the irreversible modifications of the side-chains cause the loss of folding of the domains in an all-or-none matter. Our model can reproduce this behavior by removing the native components of each of the damaged domain. If oxidative modifications had been interpreted by changing the magnitudes of the Morse well and Gaussian barrier, the simulations would have shown deviations in the folding probability and kinetics, which were never observed experimentally. On the contrary, for instance, the loss of four domains does not show changes in the folding probability of the system at that force, (with still 100% at 4 pN). Additionally, the polymer character of the polypeptide chain together with protein hydrophobic collapse modulate the folding properties of polyproteins under force, since the landscape is tilted with nonlinear dependence (U FJC − F·x). Interestingly, most proteins fail to fold above 10 pN, and exhibit and abrupt decrease in the folding probability in a range of few picoNewton, in general from 6−10 pN. 2, 5, 33, 43, 44 Our model is able to capture this behavior, via the force dependency of the global minimum, whose force sensitivity is well understood considering the steepness induced by the Morse potential and the nonlinearity of the FJC model. These effects are more evident in proteins with a tandem modular arrangement, due to the high number of folding states. Most proteins with mechanical function in the physiological context show this tandem configuration, 45 −47 making our model relevant for capturing force-induced dynamics. Thus, understanding how polyproteins respond to force stimuli establishes how tissue elasticity, whether in the muscle, brain or skin, can be tuned under different physiological conditions.
The experimental and theoretical advances established in this work provide a novel view of the free energy of polyproteins under force, now permitting a more realistic modeling of tissue elasticity. Our model now allows simulating the changes in the mechanoelastic properties of a polyprotein as it ages, thus shedding some light on antiaging and elasticity regulating mechanisms of tissues. Hence, it could be used as a platform for evaluating phenotypes associated with diseases caused, for instance, by post-translational modifications or mutations that will alter the mechanoelastic properties of the proteins.
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